A new method for the detection of the geometrical information by the scanning tunneling microscope is proposed. In addition to the bias voltage, a small ac modulation is applied. The nonlinear dependence of the transmission coefficient on the applied voltage is used to generate harmonics. The ratio of the harmonics to the dc current is found to give the width between the sample and the probe, i.e., the geometrical information. This method may be useful to measure materials, where the local-spatial-density of states may change notably from place to place.
A new method to detect geometrical information by the tunneling microscope
I. INTRODUCTION
Since the discovery of the scanning tunneling microscope ͑STM͒, 1 it is widely used to investigate the surface structure of various materials ͑see e.g., Refs. 2-5͒. More recently, it is also used to manipulate individual atoms and molecules. 6, 7 Because of the exponential dependence of the tunneling current as a function of the tip-sample separation, the spatial resolution is extremely high. The tip can be used to track the surface topography as it is scanned, or conversely, the tip can be held fixed and track the motion of the surface. 8 This is utilized in nanosize accelerometers with a feedback loop maintaining a constant tunneling current and tracking the motion of a cantilever beam. [8] [9] [10] [11] In the conventional method, the distance between the needle probe and substance is regulated so as to keep the tunneling current constant. 9, 10 However, the tunneling current depends not only on the distance between the probe and the substance but also on the electronic states of the substance. Therefore, the so-determined width profile contains both geometrical and electrical information.
There are indeed three factors which affect the tunneling current: The local density of states of the sample; the density of states of the tip; and the barrier penetration factor. 12, 13 Since the tunneling microscope displays the local density of electronic states it is crucial to obtain as exact information of those states as possible. This is complicated, however, due to the fact that these states are generally not simply related to the atom core position, and the states observed depend on the tip bias. Surface topography is best defined in terms of those core positions. Since no probe microscope directly measures core positions, the position of the surface must be calculated with theoretical models. This is at best a difficult task. 14 In this article, we shall propose a new method based on the response of the tunneling current to the ac bias field. Because of the nonlinear dependence of the current on the bias voltage, higher harmonics are created. The amplitude of the second harmonic j 2w relative to the dc component of the current j dc is shown to be
where a and d are amplitudes of the ac and the dc parts of the applied voltage, w is the distance from probe to material, ͉E f ͉ is the work function, and
Ϫ1 the penetration depth of the wave function into the gap with m being the electron mass. ͓Strictly speaking, Eq. ͑1.1͒ is valid for
For details see Sec. III.͔ The control parameter is the voltage across the gap, ϵ⑀w, where ⑀ is an applied ͑constant͒ electric field. Note that Eq. ͑1.1͒ does not contain the density of states for probe or sample. Therefore, we can directly obtain the geometrical information as expressed by w by measuring the ratio between the second harmonic and the dc currents. The key point of picking up only the geometrical information is to measure the ratio of the currents instead of their absolute values.
In the following, we shall derive Eq. ͑1.1͒ by using a one-dimensional model. An extension to three-dimensional geometry is straightforward. We assume that both the applied ac voltage and the tunneling are very weak.
In Sec. II, our model will be explained and the transmission coefficient will be obtained in the Wentzel-KramersBrillouin ͑WKB͒ approximation. Then the transmission current will be calculated. In Sec. III, the response of the current under the voltage,
II. TUNNELING CURRENT IN STM
In the following we consider the case where the sample is a metal, and describe it by a one-dimensional model. We also assume that the effective electron masses of the sample and the metal tip are equal to the electron mass in vacuum.
In this section, we shall derive the tunneling current across the STM under a constant bias E field. The derivation of the tunneling current between two metals separated by a thin insulating film has been performed by Simmons in Ref. 15 . The following derivation is, however, more adequate for the present purpose. For a comparison of different approaches to the calculation of the tunneling through onedimensional potential barriers, see Ref. 16 .
A. Potential shape and model
In the STM, the wave functions for the tip and for the sample can overlap in the gap region. The electron gases of the tip and the sample reach an equilibrium by inducing surface charges. This situation is shown in Fig. 1 and can be described by the Hamiltonian
where the potential V(x) is given by
V 0 L and V 0 R being positive. The potential and the coordinate which we use are shown in Fig. 2 .
When we apply a constant voltage ͑the sample side is positive͒, the potential near the gap will change, as shown in Fig. 3 , and the potential becomes
͑2.2͒
Note that in the new situation, the energy differences between the band bottom and the Fermi level do not change as compared with the equilibrium case for both metal tip and sample. The variation in x is quite small. This is due to the smallness of w combined with the weak slope of the trapezoidal potential. One can, without loss of generality, replace V(x) by the average value in the interval 0рxрw. This leads to ͑an almost͒ constant current and voltage, and hence to a constant ⑀.
B. WKB calculation of the transmission coefficient
We shall now calculate the transmission coefficient in the case of a constant bias field. We must therefore solve the Schroedinger equation:
͑2.3͒ Since the change of the potential can be considered as slow, we shall solve ͑2.3͒ by the WKB method. In this method, the wave function (x) is expressed as
͑2.4c͒
where
͑2.5b͒
By applying the connection formula to the left and to the right region in Eq. ͑2.4b͒, we get the transmission coefficient from left to right, setting Gϭ0.
ͬͮ . ͑2.6b͒
In the limit of ͉E͉ӷe⑀w, can be approximated as
Note that, in ͑2.6͒, there exists no restriction about the magnitude of , in contrast to the Bardeens formula ͑see discussion of Ref. 3͒. By using the path integral method, the present result can be extended to three-dimensional cases.
C. Tunneling current
The electrons in the left hand side with energy E moving to the right can tunnel to the right hand side. The number of such electrons is given by
where ⍀ is the volume of the left hand side, f L (E) the Fermi distribution in the left hand side, and the factor 2 comes from the spin degrees of freedom. The flux of such electrons is given by Eq.
which gives the transmission current
where f R (E) is the Fermi distribution function of the right hand side and is introduced in order to take the Pauli principle into account. Similarly, we have
and thus the total current j across the junction is given by
where we have assumed
The distribution functions f L (E) and f R (E) at temperature T e are given by
͑2.12c͒
where E f is the Fermi energy measured from the vacuum and k B is the Boltzmann constant. Note that ͉E f ͉ corresponds to the work function ͑see Fig. 1͒ . Now let us assume ͉E f ͉ ӷe⑀w. Then 
